Atopic dermatitis (AD) is a refractory and recurrent inflammatory skin disease. Various factors including heredity, environmental agent, innate and acquired immunity, and skin barrier function participate in the pathogenesis of AD. Thelper (Th) 2-dominant immunological milieu has been suggested in the acute phase of AD. Antigen 85B (Ag85B) is a 30-kDa secretory protein well conserved in Mycobacterium species. Ag85B has strong Th1-type cytokine inducing activity, and is expected to ameliorate Th2 condition in allergic disease. To perform Ag85B function in vivo, effective and less invasive vaccination method is required. Recently, we have established a novel functional virus vector; recombinant human parainfluenza type 2 virus vector (rhPIV2): highly expressive, replication-deficient, and very low-pathogenic vector. In this study, we investigated the efficacy of rhPIV2 engineered to express Ag85B (rhPIV2/Ag85B) in a mouse AD model induced by repeated oxazolone (OX) challenge. Ear swelling, dermal cell infiltrations and serum IgE level were significantly suppressed in the rhPIV2/Ag85B treated mouse group accompanied with elevated IFN-c and IL-10 mRNA expressions, and suppressed IL-4, TNF-a and MIP-2 mRNA expressions. The treated mice showed no clinical symptom of croup or systemic adverse reactions. The respiratory tract epithelium captured rhPIV2 effectively without remarkable cytotoxic effects. These results suggested that rhPIV2/Ag85B might be a potent therapeutic tool to control allergic disorders.
Introduction
Atopic dermatitis (AD) is a refractory and recurrent inflammatory skin disease. Heredity, environmental agent, immunity, and skin barrier function participate in the pathogenesis of AD. AD symptoms are triggered by various non-specific or specific allergic reactions. The cytokine pattern of AD, especially in the acute phase skin lesion is Th2-type cytokine dominant [1] . The barrier disrupted skin in AD is easily permitted the percutaneous entry of environmental allergens that strongly promotes Th2 immunological responses [2] . Th2 cells as well as T regulatory cell (Treg) subsets play key roles in development of AD. Patients with AD have significantly increased numbers of peripheral blood Treg compared with healthy controls, which is correlated with disease activity in AD [3, 4] . This suggests involvement of some self regulation system in immune responses in AD [5] .
Repeated elicitation with hapten such as oxazolone (OX) on the ear of BALB/c mice develops immediate type responses with late phase reactions followed by delayed type hypersensitivity responses. This accompanied with balance shift of cytokines in the lesional skin from Th1 to Th2 type [6] , and has been utilized as mouse AD.
Ag85B is 30-kDa major secretory protein well conserved in Mycobacterium species [7] . The studies for the tuberculosis vaccine revealed strong activities of Ag85B in priming naïve T cells for Th1 effector cells under the appropriate conditions, and induction of strong Th1-type immune responses in mice as well as in humans [8, 9] . Recently we reported that plasmid DNA vaccination encoding Ag85B derived from M. kansasii inhibits immediate-type hypersensitivity responses with Treg induction in skin [10] , and a combined vaccination with heat-killed BCG followed by Ag85B also suppressed skin eczematous reactions in AD model mice by inducing Treg [11] .
Human parainfluenza type 2 virus (hPIV2) is one of the human respiratory pathogens and a member of the genus Rubulavirus of the family Paramyxoviridae in the order Mononegavirales, possessing a non-segmented and negative-stranded RNA genome of 15,654 nucleotides. The genome of hPIV2 encodes 7 mRNAs [12] [13] [14] and has about 60-nt leader sequence at 39 end and about 20-nt noncoding trailer sequence. The gene order is 39 (leader)-NP-V/P-M-F-HN-L-(trailer)-59. The coding proteins are the nucleocapsid (NP), the V (V) and phospho (P), the matrix (M), the fusion (F), the haemagglutinin-neuraminidase (HN), and the polymerase protein (L). The genomic RNA of the virus: viral RNA (vRNA) is encapsidated with the NP proteins, and the nucleocapsids are associated with the P and L proteins to form the Figure 1 . Schematic diagram of constructs and strategy used in this study. A. The constructs of recombinant hPIV2/EGFP and hPIV2/Ag85B. The EGFP or Ag85B gene open reading frame was engineered to be flanked by hPIV2-specific gene end of NP gene (R2), intergenic sequence (IG), and gene start (R1) transcriptional signal of V/P gene. It was inserted into a cloned cDNA of the hPIV2 antigenome at a Not I site that had been engineered to be at 59-noncoding region of NP gene. A genomic nucleotide length divisible by six (the rule of six) was maintained. For generating of replicationdeficient virus, two stop codons (.) were introduced on the M gene. B. Schedule for the development of a hapten-induced atopic dermatitis model and vaccination of rhPIV2/Ag85B. Mice were initially sensitized with 20 ml of 0.5% OX solution to their right ear 7 days prior to the first challenge (day -7) and then 20 ml of 0.5% OX solution was repeatedly applied on the right ear 3 times per week from day 0 until day 21. Mice were inoculated intranasally with 20 ml (5610 6 TCID 50 ) of rhPIV2/Ag85B or rhPIV2 on day 4. rhPIV2 vector or phosphate buffered saline (PBS) were also applied as controls. On day 16, mice were vaccinated again intranasally or subcutaneously with PBS, rhPIV2 or rhPIV2/Ag85B. C. Summarized schedule of the experimental groups. doi:10.1371/journal.pone.0066614.g001 ribonucleoprotein complex. In paramyxovirus particles, vRNA is enclosed by the viral envelope composed of a cellular lipid bilayer and two envelope glycoproteins, HN and F, which are integral transmembrane proteins mediating virus attachment and cell fusion, respectively [15] . M protein underlies the lipid bilayer to ensure the structural integrity of the viral particles and is essential for interactions between the viral envelope and the RNP complex [15] . This association leads to the budding and release of viral particles from the cell surface [15] .
Recently, as technology advances in reverse genetics [16] , hPIVs offer several advantages as a vaccine vector. hPIVs efficiently infect the respiratory tract but don't spread far beyond it, which is an important safety factor. hPIV-based vectors have proven the effect in inducing local and systemic immunity against a number of foreign antigens [17] . hPIVs infect to various cell types and cause little cytopathic effects. Moreover, they replicate exclusively in the cytoplasm of infected cells, don't have a DNA phase during their life cycle and can thus avoid the possibility of integration of foreign genes into the host DNA genome [18] .
In the present study, we utilized newly engineered rhPIV2: replication-deficient rhPIV2 vector. rhPIV2 lacks M gene that is an essential gene for virus particle formation by insertion of two stop codons. This alteration might support much safer application to animals than original proliferating virus vector. We first Figure 2 . Expression of EGFP from rhPIV2/EGFP. A. HaCat cells were infected with rhPIV2/EGFP at an MOI of 0.5. Three days after, EGFP was clearly visualized using a fluorescence microscopy (x100). B. The rhPIV2/EGFP (5610 6 TCID 50 ) were administered to a wild type BALB/c mice intranasally EGFP was visualized clearly in the airway epithelial cells 4 days after administration (x200, upper right box, x400). doi:10.1371/journal.pone.0066614.g002 
Materials and Methods

Animals
BALB/c 6-week old male mice were purchased from Japan SLC Co. (Shizuoka, Japan) and used at 7-week. Animal care was performed according to ethical guidelines, and approved by the Institutional Board Committee for Animal Care and Use of Mie University.
Construction of rhPIV2/Ag85B and rhPIV2/EGFP
rhPIV2/Ag85B and rhPIV2/EGFP was constructed according to the method reported previously, except for methods of the supply of T7 and hPIV2 RNA polymerases (NP, P, L). In brief, to generate replication-deficient rhPIV2 vector, two nucleotides change [ATG to TAG (position of 89aa) and AAG to TAG (259aa)] were introduced into the M frame of the plasmid pPIV2, a full-length cDNA copy of hPIV2 anti-genome [19] (Fig. 1A) . Consequently, the 6 n length cDNA of Ag85B or EGFP, followed by transcriptional end sequence of NP gene (R2), intergenic sequence (IG), and transcriptional start signal of V/P gene (R1) ( [20] was synthesized by PCR using appropriate primers), was inserted into a Not I site of the plasmid DNA encoding the replication-deficient rhPIV2 genome described above. Then, the viruses (rhPIV2/Ag85B and rhPIV2/EGFP) were recovered by co-transfection of each anti-genomic plasmid and plasmids expressing the NP, P, M and L, each cloned in a mammalian gene expression vector (pCAGGS) [21] into BSR7/5 cells expressing T7 RNA polymerase [22] . The cells were harvested, and then co-cultured with fresh Vero cells every 48 hr. Approximately 90% of the cells showed syncytia formation in the 10 th cocultured cells, and its state was maintained in further co-culture. Furthermore, for virus propagation, Cos7 cells were transfected with the plasmid expressing M and co-cultured with abovementioned 10 th cells. The supernatant was centrifuged at 9,000 g for 12 h at 4uC. The virus pellet was suspended in Opti-MEM (Invitrogen, Carisbad, CA, USA). The virus titers were determined by CPE method using Vero cells, and were expressed as 50% tissue culture infectious dose (TCID 50 ).
In vitro and in vivo Infection of rhPIV2 Vector Expressing EGFP
HaCat cells (Cell Line Service, Eppelheim, Germany) were cultured in Dulbecco's MEM supplemented with 5% (v/v) FBS, 2.0 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. HaCat cells were seeded one day before the transduction at 1610 6 cells/ml (1 ml/well) in 6-well culture plates (Costar, NY, USA). The cells were incubated for 8 hours at 37uC in a 5% CO 2 atmosphere. The next day, the media was removed and 1 ml of the rhPIV2/EGFP viruses were added to the cells to be adjusted to 1610 6 TCID 50 . Two hours after infection, the media was removed and fresh culture media was supplemented to the cells. After 3 days culture, each well was observed by fluorescence microscopy. At the next step, 20 ml of concentrated rhPIV2/EGFP (5610 6 TCID 50 ) were administered into the cavity of the nose of the mice. Four days after infection, the respiratory tract and lung were sampled, embedded in Tissue-Tek OCT compound (Miles, Elkhart, USA), frozen in liquid nitrogen, and cut into 7 mm-thick sections. Sections were examined and recorded by fluorescence microscopy.
Sensitization and Challenge Schedule
Repeated hapten sensitization and challenge system was introduced in this experiment. OX (Sigma, St. Louis, MO) was dissolved in acetone/olive oil (1:1). As shown in Fig. 1B , mice were initially sensitized by pasting 20 ml of 0.5% OX solution to their right ear 7 days prior to the first challenge (day -7) and then 20 ml of 0.5% OX solution was repeatedly applied on the right ear 3 times per week from day 0 until day 21. Repeated application of OX causes delayed type hypersensitivity followed by immediatetype and late phase reaction. For vaccination, mice were infected intranasally under general anesthesia with 5610 6 TCID 50 of the virus in a 20 ml inoculum or phosphate-buffered saline (PBS) on day 4. On day 16, mice were vaccinated again with PBS, rhPIV2/ Ag85B or control rhPIV2 vector intranasally or subcutaneously to the pinna skin (Fig. 1B,C) . Ear swelling was measured with thickness gauge calipers before and 6 hours after last OX challenge on day 21. Blood and pinna skins were also sampled.
Histopathological Study
The ear skins were sampled at six hours after last OX challenge on day 21. Samples were fixed in 10% neutral buffered formaldehyde and embedded in paraffin. Histological sections were of 6 mm thickness and stained with hematoxylin & eosin (H&E).
Analysis of Cytokine mRNA Expression in Mouse Ear
The mRNA was extracted from the mouse ear using Isogen (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions: One ml of homogenate was mixed with 200 ml of chloroform, and then centrifuged. The aqueous phase was separated and mixed with 0.5 ml of 2-propanol (Nacalai Tesque, Kyoto, Japan) to precipitate RNA. After centrifuging, the precipitate was washed with 70% ethanol (Nacalai Tesque) and the RNA was suspended in 40 ml of RNase-free water. The concentration of RNA was measured at 260 nm absorbent, and the quality was confirmed by electrophoresis. cDNA was synthesized from 2 mg of mRNA using an archive kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol. Real time quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) was performed to measure transcriptional activity in skin lesions. A 25 ml reaction mixture containing 1 mg of cDNA, 900 nM of each primer, and 250 nM of TaqMan probe was mixed with 12.5 ml of TaqMan Master Mix (AB). Quantitative RT-PCR for cytokine transcripts was performed using prequalified primers and probes for IL-2, IL-4, IL-10, IL-17A, MIP2, TNF-a, TGF-b, IFN-c and GAPDH (AB). The on the panel) revealed marked inflammatory reactions with acanthosis and ulceration in epidermis, and marked edema with cellular infiltration including mononuclear cells and neutrophils in the dermis. The skin infiltration of inflammatory cells and epidermal thickness were decreased in rhPIV2/Ag85B treated group (Ag85B ear and Ag85B nasal on the panel). Original magnification 6100. D. Plasma IgE levels on day 21. Plasma IgE level was decreased in rhPIV2/Ag85B treated groups (Ag ear and Ag nasal). *P,0.05, **P,0.01. doi:10.1371/journal.pone.0066614.g003
DCt method was used to standardize the transcripts to GAPDH, and the ratio to that of control mice was calculated.
Immunohistochemistry
The ear skins sampled on day 21 were snap-frozen, and the frozen sections prepared at 7 mm thickness were subjected to a blocking procedure with 5% normal goat serum (Vector Laboratories, Burlingame, CA). Sections were then incubated with FITCconjugated rat anti-mouse CD4 antibody (Beckman Coulter) and PE conjugated anti-mouse FoxP3 antibody (BioLegend), and examined under Fluoview FV1000 laser scanning confocal microscopy (Olympus, Tokyo, Japan). Skin infiltrating CD4
+ T cells and FoxP3 + CD4 + T cells were counted at x100 field, and the numbers in 10 randomly chosen fields of five samples were evaluated.
Measurement of Serum IgE
Serum IgE level was determined by a sandwich enzyme-linked immunosorbent assay (Yamasa, Tokyo, Japan) according to the manufacturer's instructions. Optical density of each well was determined by using a microplate reader (Multiscan JX, Thermo Electron, Yokohama, Japan).
Statistical Analysis
Statistical analysis was performed using Mann-Whitney U-test. P,0.05 was considered as significant.
Results
rhPIV2/EGFP Infection in vitro and in vivo
To investigate expression levels of the inserted gene in rhPIV2 in vitro, HaCat cells were infected with rhPIV2/EGFP at an MOI of 0.5 and were examined directly using a fluorescence microscopy. The EGFP from rhPIV2/EGFP was highly expressed in HaCat cells, and remarkable fluorescence extended to nearly all the cells in spite of low MOI (Fig. 2A) . Then, to evaluate the gene expression in vivo, mice were intra-nasally inoculated with rhPIV2/EGFP (5610 6 TCID 50 ), and the intense EGFP expression was revealed in the lung epithelium of the mice (Fig. 2B) .
Cutaneous Manifestations
To evaluate the clinically relevant therapies, mice were treated following the strategy shown in Fig. 1B . Ear lobes of the rhPIV2 (vector alone) or PBS-treated mice developed severe edematous erythema with exudation and erosion at 6 hours after OX challenge on day 21. However, rhPIV2/Ag85B-treatment reduced dermatitis in both of the intra-nasal and subcutaneous application groups (Fig. 3A) . Ear swelling was dramatically suppressed in both of the rhPIV2/Ag85B-treated mice compared to PBS or rhPIV2 treated mice (Fig. 3B ).
Histopathological Findings
PBS or rhPIV2-treated mice showed marked inflammatory reactions with acanthosis and ulceration in epidermis, and marked edema with cellular infiltration including mononuclear cells and neutrophils in the dermis. Both of the intra-nasal and subcutaneous rhPIV2/Ag85B application successfully reduced inflammatory cell infiltration and epidermal thickness (Fig. 3C) .
Serum IgE Levels
High levels of IgE were detected in sera from PBS or rhPIV2-treated mice. On the other hand, the IgE levels in the sera from Ag85B-treated mice by two ways were suppressed significantly (Fig. 3D) .
Cytokines mRNA Expression in the Ear Skins
Expression of IL-4 mRNA was significantly decreased in the ear skin of intra-nasally rhPIV2/Ag85B treatment group compared to that of PBS treated mice (Fig. 4A) . In clear contrast, IFN-c mRNA expression was significantly increased in rhPIV2/Ag85B intranasally treated group (Fig. 4B) . As expected, IL-10 levels were significantly increased in intra-nasally treated with rhPIV2/Ag85B and rhPIV2-vector groups (Fig. 4C) . Surprisingly, TGF-b expression is remarkably elevated in the intra-nasal rhPIV2/Ag85B group (Fig. 4D) . mRNA expressions of TNF-a and MIP-2 were significantly decreased in both of intra-nasally and subcutaneously rhPIV2/Ag85B treated groups compared with PBS or vector treated group (Fig. 4E, F) . The expression of IL-2 mRNA was also significantly elevated in both of the rhPIV2/Ag85B intra-nasally and subcutaneously treated groups (Fig. 4G) . No obvious suppression in IL-17 mRNA expression was detected in rhPIV2/Ag85B group (Fig. 4H) .
Immunostaining for Tregs in the Inflamed Ear Skin Lesions
As shown in Fig. 5A, CD4 + T cells are displayed with green fluorescence, and Foxp3 + T cells are with red. Merged yellow color means Foxp3 + CD4 + T cells. The skin infiltrating CD4 + T cells are significantly decreased in Ag nasal group and Ag ear group compared to that of PBS-treated group. Although it does not reach the significance, the CD4 + T cells number is less in Ag nasal group compared to Ag ear group (Fig. 5B) . The Foxp3 +
CD4
+ T cells are significantly increased in both of Ag nasal and Ag ear groups (Fig. 5C ).
Discussion
Immune system is finely controlled on the balance of four main subsets of Th1, Th2, Th17, and Treg [5] cells. AD, especially in its acute phase, is a disease that Th2 cells are dominantly involved in the pathogenesis. In fact PBMCs from patients with AD have increased production of IL-4, IL-5, and IL-13 with limited capacity in production of IFN-c [23] [24] [25] . Repeated elicitation of OX on mice ear shifts the cutaneous Th1 cytokine milieu to Th2, which represents the characteristic immunological features of AD. Immunotherapy for AD has some different options to correct the imbalance of the shifted cytokine profile. In the present study, we investigated effects of vaccination using replication-deficient rhPIV2 vector expressing Ag85B gene to mouse AD model. BCG is known as a strong Th1 response modifier; however, it has a risk for granuloma formation. To avoid granuloma formation, non-wax protein antigen is required. Ag85B is a conserved protein in mycobacterial species and can elicit a strong Th1-type immune 
CD4
+ T cells in the inflamed ear skin is significantly increased in both of the intranasal and ear-subcutaneous rhPIV2/Ag85B application groups. doi:10.1371/journal.pone.0066614.g005
response [8] . Therefore, Ag85B has been used as immunemodulator to control acute AD lesions or asthma. Ag85B DNA vaccine suppressed airway inflammation in a murine model of asthma [26] . Furthermore, resent studies suggested that Ag85B vaccination promotes Th1-type immune responses as well as Treg responses. Administration of Ag85B showed therapeutic effects to Th2-type cytokine mediated acute phase AD models by inducing regulatory T cells [10] .
Selection of the vector and its application pathway has importance in successful DNA vaccination therapy. We selected hPIV2 as a potential vector for Ag85B vaccination. hPIVs are human respiratory pathogens, and the most distinctive clinical feature of infection of hPIVs is croup (i.e., laryngotracheobronchitis or swelling around the vocal chords and other parts of the upper and middle airway). Among hPIVs, hPIV1 and hPIV3 are the major cause of croup in children, whereas hPIV2 is rarely identified as a clinical pathogen. Therefore, hPIV2 has been suspected as less virulent and cytotoxic virus. hPIV2 enters the cell by cell fusion at the plasma membrane, and replicates exclusively in the cytoplasm, and buds at the plasma membrane. Therefore, hPIV2 has no risk for integration in the host genome, not like retrovirus. In addition, since hPIV2 has a non-segmented and negative-stranded RNA genome, there is no antigenic shift among RNA segments, not like influenza viruses. Using technology of advanced reverse genetics [20] , we constituted replicationdeficient hPIV2 vector with additional advantage as a highly safe virus vector. To confirm the target and effective infection of rhPIV2 vector, we inoculated rhPIV2/EGFP to HaCat cells. HaCat cells successfully expressed EGFP up to 7 days postinfection (pi). Also, BALB/c mice intranasally single-administrated with rhPIV2/EGFP showed intense EGFP expression in the airway epithelial cells. These results strongly support activities of long-term high-level expression of the exogenous gene and efficiency of rhPIV2 in vivo.
In the present study, AD symptoms including ear swelling at late phase reaction were significantly suppressed in rhPIV2/Ag85B treated groups in both of intra-nasal and subcutaneous administration. Inflammatory cell infiltration including mast cells and eosinophils in the lesional skin was also suppressed. In the cytokine profile, mRNA expression of IFN-c and IL-2 in the ear skins was significantly increased. Interestingly, IL-4 mRNA was significantly reduced in intranasal rhPIV2/Ag85B treated groups. In IL-4 suppression and IFN-c induction, intra-nasal application showed stronger effects compared with subcutaneous application. hPIV2 is a virus infectious to the respiratory tract mucosa, and therefore more effective capture of rhPIV2/Ag85B by respiratory epithelium compared with that of skin resident cells is reasonable. In addition, the skin derived anti-infectious molecule, horny layer proteases and epithelial skin barrier might decrease efficiency of rhPIV2.
Treg induction in the effects of rhPIV2/Ag85B therapy has importance. Present study unveiled augmentation of TGF-b and IL-10 expression by intranasal rhPIV2/Ag85B. TGF-b and IL-10 have been described as critical regulatory cytokines produced by Treg. In fact in the current experiment, the numbers of skin infiltrating CD4
+ T cells are decreased in the nasal application and ear skin application groups accompanied with increased FoxP3 + Treg population. A heat-killed Mycobacterium vaccae (M. vaccae) gives rise to allergen specific regulatory T cells that produce IL-10 and TGF-b, which confer the protection against airway inflammation [27] . Recently TGF-b was proved to suppress GATA-3 function through Sox4 signal, and TGF-b controls Th2 cellmediated inflammation [28] . In addition, it is crucial that PIV2 itself has some effects in induction of Treg without obvious effects in clinical manifestation and Th1/Th2 balance.
In conclusion, the respiratory tract epithelium captured rhPIV2 effectively without remarkable cytotoxic effects. The treatment with rhPIV2/Ag85B especially by trans-nasal mucosa approach ameliorates OX-induced AD model by altering Th2/Th1 cytokine balance with induction of regulatory cytokines induction. Thus, nasal rhPIV2/Ag85B vaccination is a novel, less invasive and useful therapeutic approach for AD and related allergic disorder.
